Abstract -Using a torque-rheometer, ceramicpolymer extrudable mixtures were prepared to produce lead zirconate titanate (PZT) fibers through a coextrusion process. A 7.7 mm diameter PZT-polymer rod was coupled with a 24 mm diameter carbon blackpolymer shaped cylinder. This so called preform composite was extruded through a 1 mm die. By this method, 300 μm PZT fiber structures were successfully achieved. The microstructure and the electromechanical properties of these co-extruded sintered fibers were investigated and compared to 300 μm diameter fibers produced by simple thermoplastic extrusion. Although the co-extruded fibers showed similar microstructure properties and only a slightly higher porosity than the extruded ones, the electromechanical performance was noticeably inferior.
INTRODUCTION
Lead zirconate titanate (Pb(Zr x ,Ti 1-x )O 3 [PZT]) fibers, semi-finished 3-1, 1-3 and 2-2 smart ceramic-polymer composite structures can be developed by using thermoplastic co-extrusion processes [1] [2] [3] . These structures find use in several types of applications, such as ultrasonic transducers, health monitoring systems, energy harvesting as well as structural control devices. The principle of the co-extrusion technique consists of using a complex die where different extrudable mixtures flow together building up a composite structure. Alternatively, a macro-scale preform composite is fabricated and then extruded through a simple die to generate fine structures which are identical in their geometry and composition to the original preform, albeit with reduced cross sectional dimensions [4] . The process can be repeated to reduce the size and multiply the number of shaped patterns [1] . In this study, the preform composite is formed by two different extrudable mixtures. The primary material is the ferroelectric ceramic which is to be micro-fabricated. The secondary is a fugitive substance functioning as space filler between the green filaments, provided that it can be filled with a polymer as well as completely removed after the micro-fabrication without any damage to the ceramic. The use of the coextrusion method overcomes the difficulty of handling thin fibers and additionally allows a reduction of the diameter of the fibers to less than 20 μm without increasing the extrusion pressure dramatically. Such finescale diameter fibers are desirable for the smart composites, due to the fact that they can be operated with increased magnification and actuation.
However, the main challenge of the co-extrusion process is the adjustment of the flow mechanics of the materials to be co-extruded. Final products without axial and cross sectional deformation may be achieved with detailed rheological interpretation of the compositions to be processed. In the present work, the rheological properties of the compounds prepared for the coextrusion process was investigated using torquerheometry. Macro-scale preform composites were assembled from these feedstocks and co-extrusion tests at different speeds were carried out. To verify any possible degradation of the ceramic obtained by the processing step, the obtained monofilament composites were analyzed by means of X-ray tomographic microscopy. To investigate the influence of the fugitive material used on the process, the microstructure and the electromechanical properties of co-extruded PZT fibers were analyzed and compared with PZT fibers produced by simple thermoplastic extrusion.
EXPERIMENTAL PROCEDURE
For the preparation of the piezoelectric fibres, a commercial PZT powder (PZT/SKN, CeramTec AG), a fugitive material (carbon black BP ® 120, Cabot Corporation) and a thermoplastic binder system containing low density polyethylene (LDPE, PEBD-1700 MN 18C, Lacqtene, Elf Atochem S.A.) and stearic acid (Fluka AG) were used. A torque-rheometer (HAAKE PolyLab, Rheomix 600, Thermo Scientific) was used to compound and rheologically characterize the PZT (58 vol.% of PZT + 42 vol.% binder) and the carbon black (CB) containing feedstocks (35 vol.% of CB + 65 vol.% binder). The details of the mixing step and the rheological characterization are described elsewhere [4] . The PZT feedstock was extruded through a 7.7 mm diameter die using a capillary rheometer (RH7-2, Malvern). The CB compound was uniaxially pressed (OPUS, Römheld) into a cylinder shaped preform (diameter = 24 mm, length = 45 mm). A hole with the same diameter of the PZT preform was drilled in the centre of the CB cylinder in order to assemble the macro-scale preform composites. The co-extrusion tests were carried out in the capillary rheometer previously described, using a 1 mm diameter die, at 120 ºC. Three dimensional digital representations of the co-extruded green monofilament composites were obtained using an X-ray tomographic microscopy setup. This setup consists of a Viscom X9225-TEP panoramic tube with a transmission target, a Hamamatsu 7942CA-02 X-ray detector and the necessary precision mechanics of Micos. The use of a panoramic tube head allowed placing the monofilament composite at a short distance from the X-ray spot. Hence, the scanning times were conveniently short (1/4 h) with sufficiently good resolution (pixel size = 2 μm). Following the analysis, the binder system and the fugitive material were removed during a debinding step by slowly heating the monofilament composites up to 600 ºC under oxygen atmosphere. The debinding schedule was devised from thermogravimetric analysis of the feedstocks (ceramic + organic components). Once the binder system and CB burnout was completed, the fibres were sintered by heating at 1 ºC/min up to 1100 ºC and holding for 2 h in a closed alumina crucible. To compensate the PbO loss during sintering, a lead-rich powder was added to the alumina crucible. The theoretical shrinkage theo S [%] was estimated using the
where G ρ is the initial fractional green density, calculated from the measured green density which depends on the powder loading of the feedstock, and s ρ is the sintered density, assuming that the bulk density after sintering is equal to the initial powder density.
For the analysis of the porosity and the grain size, the fibers were horizontally embedded in a three-component epoxy resin (Technovit 4000, Heraeus Kulzer GmbH & Co. KG) and polished as described by Heiber et al [6] . Scanning electron microscopy (SEM, Tescan TS51368M) was performed and the porosity was quantified using image analysis (Digital Micrograph 3.10.0, Gatan Inc.) Afterwards, for the revelation of the grain boundaries, the samples were chemically etched using an acid solution and the grain size was determined through the linear intercept method [7] . Phase analysis was conducted using X-ray diffraction (X'Pert Pro MPD, PANalytical) in the Bragg-Brentano configuration. A wide-angle scan from 2• of 5° to 80° was performed with a step size of 0.0167° with a scan time of 150 min (Cu K , 40 mA heating current, 45 kV beam potential). With the use of a dynamic mechanical analyzer (Perkin-Elmer DMA 7e) [8] the longitudinal free strain development as a function of the applied electrical field was measured. Poling of the fibers was performed at room temperature applying an electric field of 3.5 kV/mm for 5 minutes. The free strain evolution was recorded for electrical fields ranging from -3 kV/mm to +3 kV/mm with a frequency of 2.778 mHz.
Using the thermoplastic extrusion process [9] , 300 μm diameter PZT fibers were produced and their microstructure and electromechanical properties analyzed and compared with the co-extruded ones. Since both an excess and a deficiency of PbO result in inferior piezoelectric properties, for a systematic comparison extruded and co-extruded fibers were sintered together, i.e., inside the same closed alumina crucibles containing lead-enriched atmosphere.
RESULTS AND DISCUSSIONS
Derived from torque-rheometry, Fig. 1 shows the rheological behavior of the PZT and the carbon black containing feedstocks. These compositions were selected basing on previous work [4] . Both measured systems exhibited pseudoplastic behavior for the temperature and shear range analyzed, since the apparent viscosity (torque/rpm) decreased with increasing shear rate (rpm). The pseudoplasticity is a result of the alignment of the binder molecules at high shear. The lower power-law index displayed by the CB feedstock ( n = 0.35) in comparison with the PZT feedstock ( n = 0.42) indicates a higher shear sensibility of this compound. In view of that, the analyzed feedstocks presented flow compatibility only for a given range of roller speed. At lower shear rates (< 20 rpm), the CB feedstock exhibited a higher apparent viscosity than the PZT composition, while at higher shear rates (> 20 rpm) the opposite behavior is observed. It is well-known that for successful co-extrusion, rheology control is especially important [4, 10, 11] . A mismatch between the viscosities of the different compounds being co-extruded results in rearrangement of the interface and instabilities during flow. In order to investigate such instabilities, different co-extrusion tests were performed from the assembled macro-scale preform composites. The parameters considered for these investigations are summarized in Table 1 . Table 1 : Parameters considered for the co-extrusion tests. Fig. 2 shows three-dimensional representations of the inner PZT fiber before the debinding step for each coextrusion condition. Due to the geometry ratio of the preform composite, the co-extrusion processes became stable only after a volume proportional to the volume of the cone part of the die was extruded (approximately 2.4 cm 3 ). For this reason, it is worth mentioning that these illustrations (Fig. 2) which achieved its theoretical diameter, i.e., exactly 24 times smaller than the preform (Ø • 300 μm). The tomograms show that defect-free inner fibers were achieved when the compositions presented equivalent torque/rpm values (Co-Ex 2). These results are in good agreement with our previous work [4] , which showed that well preserved fiber morphologies and a defined interface between the co-extruded materials was attained when the viscosity ratio between the feedstocks is close to 1. Additionally, this non-destructive technique was found to be useful to detect any defect present in the inner green fiber which, otherwise, would be evident only after debinding or sintering. Hereafter, only the monofilament composites co-extruded at a piston speed of 0.26 mm/min were debinded and sintered (Co-Ex 2). Under this condition, flow compatibility between the co-extruded feedstocks was attained and therefore defect-free PZT fibers were verified on the tomograms. The comparisons of the properties between sintered fibers successfully obtained by the co-extrusion method and by the simple extrusion technique will follow.
Co-Ex 1 Co-Ex 2 Co-Ex 3
Fig . 2 . Three-dimensional representations showing the inner PZT fiber before the debinding step for each co-extrusion test. Table 2 lists the theoretical and measured shrinkage as well as the porosity and grain size of the sintered fibers obtained by the different processing routes. For the extruded fibers, the porosity was measured to be ~ 2 %, i.e., a density of 98 % of the theoretical density was achieved, revealing an almost complete densification process. On the other hand, the higher porosity observed for the co-extruded fibers (~ 5 %) is an indication of insufficient sintering. The shrinkage results are in good agreement with the porosity measured, since shrinkage also provides information about the densification process. For calculating the theoretical shrinkage, it was assumed that the bulk density (considered the powder density) undergoes no change during the processing. However, the fact that the measured shrinkage for both processing routes does not correspond to the theoretical one leads to the conclusion that the assumption of a constant bulk density is not valid. Variations in the composition of the material, e.g., due to PbO losses during sintering, could cause a change in the bulk density after sintering [6] . The grain size did not display a significant dependence on the processing route. A core-shell microstructure was not observed, although a wide grain size distribution was found -grains between 3 and 11 μm were found for both processing routes. Fig. 3 shows the X-ray diffraction pattern for the two differently processed fibers in a 2θ range between 42º and 52º. The tetragonal (T) and rhombohedral (R) phases are distinguishable on X-ray powder diffractograms since the 200/020/002 set of reflections form a doublet and singlet for T and R phases, respectively [12] . The phase coexistence is observed for both extruded and coextruded fibers. Surprisingly, no significant difference between the distinct fibers could be observed. The electromechanical properties are directly correlated to the microstructure (porosity and grain size) and the phase composition of the PZT materials. A PZT fiber with low porosity, large grain size and a phase composition close to the nearly temperature-independent morphotropic phase boundary (MPB), exhibits superior electromechanical performance. However, the slightly higher porosity observed for the co-extruded fibers does not explain their inferior electromechanical performance (40 % drop in maximum strain when compared to the extruded fibers) [13] .
It is worth pointing out that residues were left in the co-extruded fibers even after debinding at temperatures as high as 750ºC. The high temperature decomposition of the carbon can lead to a local reduction in the partial oxygen pressure, increasing the rate of generation of unstable and dissociative lead sub-oxides, thereby raising the amount of lead evaporation [14] . These residues left were analyzed by means of X-ray fluorescence. A great amount of S, Fe and K, among another impurities, were detected. Thus, it is reasonable to assume that the diffusion of an acceptor dopant into the inner PZT fiber could be probable during heating, due to the existence of open porosity in the green PZT fiber. This fact may explain the indication that the domain switching was more difficult for the co-extruded fibers. Nevertheless, further investigations should be carried out in order to confirm these assumptions.
CONCLUSIONS
The rheological behavior of a lead zirconate titanate containing feedstock (58 vol.% of filler) and a carbon black/polyethylene mixture (35 vol.% of filler), capable for a co-extrusion shaping process, was analyzed using a torque-rheometer. The difference in pseudoplasticity of the compounds (PZT: n = 0.42; CB: n = 0.35) indicated that flow compatibility between the feedstocks was verified only for a range of shear rate. From these compounds, macro-scale preform composites were assembled and varying the apparent viscosity ratio between the materials, three different co-extrusion tests were performed. The obtained monofilament composites were characterized using X-ray tomographic microscopy, which has been shown to be a useful technique to distinguish processing defects from debinding and/or sintering ones. Co-extruded PZT fibers were successfully achieved after debinding and sintering monofilament composites processed at similar flow behavior conditions of the feedstocks. The microstructure (shrinkage, porosity and grain size), phase analysis and the electromechanical properties of the co-extruded PZT fibers were analyzed and compared to PZT fibers with similar diameter obtained by a simple extrusion process. Although coextruded fibers showed similar microstructure properties and only a slightly higher porosity than the extruded ones, the electromechanical performance was noticeably inferior. This was mainly attributed to the fact that the carbon black material used as the fugitive material contains some unfavorable impurities. An alternative fugitive that experiences total removal during binder burnout resulting in a defect-free part before densification is the subject of our forthcoming publication.
